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ABSTBLC!

On the basis of the results of electrolytic and chemical oxidation

experiments with chlorat, solutions a mechanism was postulated for the

electrolytic oxidation of chlorate to perchlorate at & platinum anode.

It was proposed that platinun(VI) oxide forms at the anodesurface under

the conditions favorable for chlorate oxidation and that an intermediate

spoolees is formed between the oxide and chlorate ions, The intermediate

species then decomposes into platinum(IV) oxide and perchlorate ione.

Mechanisms proposed by earlier observers were discussed with reference to

their failure to explain satisfactorily the experimental results.

* It
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IJTRMUOTI 0M

Blectrolytio Preparation of Porchlorates.

Perchlorate was first produced electrolytically by Stadion in

18161, and shortly afterwards the same investigator discovered perchloric

acid by allowing sodium chlorate to react with concentrated sulfuric

acid, The first Important paper appeared in 1898, in which Foerster
2

outlined & set of conditions for obtaining high current yields of per-

chlorate. Many papers have since appeared in which Improvements have boon

made in the technical aspects of the process, Important considerations

and present practice may be summarised as follows with respect to the

important variables:

Electrolyte.

Current yields of perchlorate increase with increased chlorate con-

centration.2 ,3  The efficiency remains at a high level until a major part

of the chlorate has been ozidised, then falls off rapidly. It has been

proved desirable to keep the hydroxyl ion concentration low to minimize

current losses that would attend the discharge of bydrozyl, chloride, and.

hypochlorite Ions.* The trend in commercial perchlorate prodwtion is

toward the use of more concentrated sodium chlorato solutions (5,6 N)

which are slightly acid. Apparently only the Oardoz Oorporation process

SReferred to by 1. intelor, . ]Llektrochea., , i 49 (1898).

2 1,Poorster, Z, Blektroche, _, 386 (1898).

-o Wintelor, Z. Elektrocheamo, , 17 (1898).

V. .. Knibb, and I, ilfrmmn Trans* Faraday Soc., 4o2 (192o).



employs a slightly alkaline olectrolyto.5

Influence of electrolyte additives.

Ourrent efficiency in the oxidation of chlorato with a lead di-

oxide anode was increased from 41% to 70% by the addition of sodium

fluoride to the electrolyte, 6 This result was attributed to the fact

that the addition of fluoride increased the already high o3ygen overvol-.

tags of the lead dioxide anode. The presence of phosphoric acd in the

electrolyte reduced perchlorate yields at a platinum anode. Perchlorate

formation actually ceased when only a small amount of chlorato was pre-

sent. Under constant conditions (current density and temperature) a nearly

straight line relation was found between the remaining chlorate and the

phosphate present.7 The most important additives used in modern perchlorate

cells are soluble chromate*. It is claimed that chromates increase per.

chlorate yields by forming protective films on the cathode thereby preventing

cathodic reduction of chlorate to chloride.

Temperature.

Lower temperatures favor perchlorate formation. Above 6o degrees 0.

current yields are loW2 ', and at 80-100 degrees 0o there is no perchlorate

formation." 9  At low current densities (e,g, 10 amps per dm.), the current

efficiency is markedly reduced by increasing temperature, but this effeot

hoohnioal Report to the Office of Naval Rosearch, Oontract lcR.372(00),
The Pennsylvania Salt Mfg. o., August 31, 1951,

j 6
8, Kitahaa and . Okmga, J, ]lectrochom, Assoo, (Jqpam) ;&, 409 (l g) .

7R. A, Mir o. Oo Jo Garcia, and 3o 0. ervert, Anales real. so. *span, te.

'J. 0. chumacher, Trans, leoctrochem, Boo, 1o 45 (1947). (revlew)

9W. Oecholi, Z. Blektrochem, 29 807 (1903).
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is much lose noticeable at higher current deneities (e.g. 15 &mp per due)*

At even higher current densities much as 145 to 50 amperes per dain no adverse

effect on current efficiency was observed1 1 , up to 60 degrees 0. 3ecause of

better power yields, present practice is to use temperatures in the range

40-55 degrees oven though slightly higher current yields could be obtained

at a lower temperature. 5

Agitation.

Adequate agitation is necessary for high perchlorate yields. Spe.

ciel clls have been designed to improve agitation. 5

Ourrent density.

Ourrent yields of perchlorate az highest at high current dnsities., 9 911

The actual current density used in commercial operation varies considerably;

however, perchlorate clls in the United States operate with a current len-

sity of over 30 amperes per dz

Anode materialW .

Smooth platinum anodes give the highest current yields of perchlorate.

Thus, smooth platinum Is used as the anode material in most perchlorate cells.5

Lead dioxide anodes can also be used for perohlorate production, however,

the yield Is not a high as with smooth platinum.12  On the other hand, plati.

nimed platinum is unsuitable because it gives low ourrwent yields of perl.
chlorgte.3

Beoae of the high initial cost of platinum am the fact that it

corrodes slightly, an extensive search is being made for a suitable substi-

tute for platinum. All of the common and many of the more rare notale

1oj. Blau and 1. Weingand, Z. Slektrochem. 17, 1 192 ).

1 1 j. 0, Williams, Trans, Faraday Soc*, 1, 134 (1920).

12 G. Angel and N, Mellquisto Z. lektroohem, . 02 (1934).
3



except those of the platinum group, were found to corrode ve1ry rapidly

when used as anodes in a sodium chlorate electrolytl 13 Other anode a-

terials, while having suitable physical properties, were unsuitable be-

cause of the low or negligible perchlorate yield obtained under the most

favorable circumstances e.g. tungsten, molybdenum .. artificial magnetite1 3 ,

graphitelSl 6 , palladium17, tanta 17, stainless steel17, Natolloye17,

Nicrome-T17 , and mangese dioxide17s 1

Chemical Synthesis of Perchlorate

Essentially three types of chemical reactions lead to the produc-

tion of Perchlorate: .(l) thermal auto-oxidation of ohlorates, (2) deco-

position of chlorates by strong acids, and (3) direct chemical oxidation.

Considerations applying to those processes are of some interest in od-ec-

tion with the mechanim of anodic oxidation.

Thermal anto-oxidation.

Potassium chlorate, as well as other alkali chlorates, undergoes

auto-oxidation when heated to just above its melting point, according to

13z, 0. oward, Trans. Am, 1leotrochem. Soc., !U, 51 (1923).

14G. Angel, Z. Blektrochm., , 641 (1934).
15y. 81kvonen, uomen lemistilehvi, ;A, 27 (1937).

S162. 0. Schook and It. H. Pritchett, U. S. Patent 1,279,593 (Sept. 24I, 1919),

report that carbon preferably impregnated with moltem paraffin, oeresin,
or osakerits when used in a diaphrgm cell gives a current efficiency of

* at least 50% for perchlorate formation.

17J. W. Hackett and M. A. lineman, Dept. of Chemistry, Providence College

Technical Report to the Office of Naval Research, Contract lonr-1213(00),
December 31, 1953.

lperch.lorate was produced only when the mnganese dioxide was plated on
platinum.
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the equation

4 01043 01041 1 01

In addition, a decomposition reaction, having no essential connection with

the auto-oxidation reaction, takes place according to the equation 19'20

2 10103-4 2 101 3 02

Several oxides, such as silver(I) oxide, lead(IV) oxide and barium peroxide

have boon reported to serve as catalysts for the auto-ozidation reaction.
2 1

However, there is more recent evidence that tends to disprove the earlier

observations; there Is no proved catalytic agent for the auto-oxidation

reaction22 923 .

Nothing 1. known to inhibit the oxygen producing reaction24, but

many substances, such as bases, manganese(IY) oxide and copper(II) oxide

are known to catalyze this reaction.

Under ideal conditions a much as 90 percent of the theoretical

yield of potassium perchlorate may be obtained .

DeoomDosition of chloratoe with strong acid.e

0hlomtes are decomposed by strong concentrated acids, such as sul-

furic, nitric, phosphoric and chromio acid, according to the equation

21R+ 3 0103 m# M0104 2 0102 +2 MR3N2 0

19V. H. Sodea, J. Ohm. Soc., 81, 1066 (1902).

20J. Scobal, S. physik. ohm-, 4, 319 (1903).
21G. J. Fowler and J. Grant, J. Ohem. Soo., U7, 272 (1890).

22F. 0. Mthers and Y. . H1. Aldred, Trans. An. Ilctroche. Soc., , 285 (1922).

23W. Farmer and J. 3. Firth, J. Ohs.. Soo., "2 , 82 (19214)

24I. D. Bancroft and J. 3. Magoffin, J. Franklin Inst. 22., 298 (1937).

253P. Meyor, German Pat. 300,713 (Aug. 30, 1919).K 5K.'



where M Is the metal en& R in the acid radical. Yield. of perchlorate

range from 10-30% of the theoretical value. Acids which yield no perchlorate

are formic, trichloroacetic, hydrofluoric, hydrochloric, ohlono, poroxydi-

sulfuric, permanganic (20% arsenic (50%), acetic (glacial), monochloro-

acetic, ozalic (saturated solution), tartaric (25%) and lactic acid (25%) 2 6

Direct chemical czid.ation.

The literature pertaining to the direct chemical oxidation of chlorate

to perchlorate Is fr enta-y and at times contradictory. It has been de-

monstrated that such strong oxidizing agents a O376 ezOpOsd to ultr violyt light2 7,

osono2 7 ' 28 , 30 percent hydrogen peroxido, potssi um nga 2 7 , ad

sodium peoxize 2 7 do not leadL to the formation of appreciable mounts (> 2%)

of perchlorate. It is generally considered that poroqdieulfato without a

catalyst yields no perchlorateO . Of all the oxidizing agents reported

in the literature, only lead(IV) oxide 29and perozydisulfate with silver

ion catalyst 2 7 give appreciable perchlorate yields.

Mehan for the nGfio Ozidation of Oblorate to Peroolorate.

7our posesible mechanism@ have been proposed for the anodic oXidation

of chlorate to perohlorate.

20y. Lesher, i. W. tone, and, ,. 1, Skinner, J. Am. Ohom. Soo, !&,

1)43 (1522)

270. W. Bennett and 3. L. Mack, ftasa. Alootroohem. Soo 29, 323 (1916).

28W. . Oeohali, Z. olektroohem. 2. 807 (1903).
2 9 lhrhardt (I.G. Jaiben), UOrLum Perchlorat, Depatment of Oommroe Office

of Technical Service P. 31. Report o. 73283 lromes 503-7.

30%ennott and Mack2 7 obtained a 17.69% yield of perohlorate on boiling for
an hour a 50 sodium chlorate solution containing a* exces of sodium
peroxydiulfate.

6



Disprovortionation mechanism.

In the earliest mechanism proposed it was assumed that chlorate ion

discharge is the primary process, followed by the reaction of the discharged

radical with water to form chlortc acid

20163+2 $- + 20 P 2E0l03 *0

Because of the high chloric acid concentration, presumably existing at the

electrode, it disproportionates to form nerohioric acid according to

2 o0103 -4 ol0o0 + 10102

followed by

E0102 +' 0 -*010.

Arguments in favor of this mechanism and against the active oxygen theory

to follow are: (a) that perchlorate formation takes place less readily in

alkaline solution, and (b) that no perohlorate is obtained on treating

chlorate solutions directly with oone.

Active ozzym mechanism.

In the active oxygen mechanism it was proposed that the chlorate Is

oziised directly to perchlorate by active oxygen formed at the anode

Ar1me t i -o i0.

Argents in favor of the active oxygen mechanism and against the

earlier mechanism are as follows:

(a) At an iron anode po rhlorate formation begins at a potential

far below that necessax7 for chlorate ion discharge3 1 ( 0.023. volts vso

4 N. 0.3].),

(b) Ohlorate can be ozidized chemically to perchlorate under condi-

tions where the formation of free chlorate radioals Is highly Improbable.

(c) The free chlorous acid formed would react with the chlorio acid

31g. p. Schoch, phy. chem. 14, 735 (1910).
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present evolving chlorine dioxide

Ilos +. 01o2 .I 20 + 2 0O 2

The evolution of chlorine dioxide has never been observed during this

process*

(d) There is no direct evidence that chlorous said is formed when

strong ohloric acid decomposes.

(e) The increase in the dissociation of water with rise in tempera.

ture is insufficient to account for the large decrease in efficiency with

rise in temperature, In the active oxygen theory the effect of tempera-.

ture on perchlorato formation Is due to a decrease in the active oxygen

concentration at the anode. Increasing the temperature decreases the active

oxygen concentration.

The Peroxide mechanism

This mechanism was proposed on the basis of a esuperficial similarity

between the production of perchlorate and peroxydisulfate.

02010- + 00102 -P 0201 - 0 -.0 - 0102

+ 02010

o201 -0 -0 -3 0301o0

The first reaction is analogou, to the formation of peroxydisulfuric acid

02(08)8 - 0 - 0 - 1(C)02. The peroxide reacts with water in the second

reaction and rearranges to a more stable form in the third equation. the

objections to the active ozxgen mechanism in favor of the peroxide mechanism

are 3

(a) The decrease in efficiency with rise in temperature should fol.

low the decrease of oyvftoltage; howeverg, this is not the case. In the

peroxide theory the effect of high temperature on decreasing perchlorate

yield is due to the increased rate of oxygen producing side reactions8



such as

2 0103 + 20- l 2 0 10 3 0

and also on the fact that high temperatures increase bypochlorite and by-

droxyl ion discharge owing to increased mobility.

(b) The active oxygen theory does not satisfactorily explain the

effect of alkalinity on efficiency.

(a) Thos oxidation of chlorate by active oxygen producing reagent@

is inconclusive.

(d) According to the active oxygen theory the efficiency of perchlorate

formation should decrease with Increasing curreat density. Actually the

efficiency Increases with increasing current density. The active oxygen

produced at the anode is used up in the two reactions

20".. 02

The former results in gaseous oxygen liberation and loss of eofficiency,

while the latter results In perchlorate fomation. During the electrolysis

of a chlorato solution the concentration of active oxygen on the anode

will be such s to make the velocities of the two reactions Just sufficient

to account for all the oxygen discharged, row, If the current io Increased,

the active oxygen concentration will Increase until the two velocities

have risen sufficiently to balance the extra oxygen discharged. Since the

first reaction rate is proportional to the square of the active oygen con-

oentration it will Increase to a greater extent than the second reaction,

thereby decreasing the efficiency for perohlorsto formIon.

Additional s a.estion,

The most reaeat sv4estion as to the moohanism for perchlorate for.

9



nation postulates an intermediate X at the anode esufacem. On the basis

of polarlzation curves, at a platinum anode perchiorat. formation takes

place at a higher potential than that required, for oxygen evolution. As

the anode potential Is Increased there appears an Inflection in the polari-

sation curve at which point perchlorate formation begins.

Based on chemical and eleotrochemical studioe, this work was under-

taken in order to provide a better understanding as to the mechanism by

which chlorate Is oxidised to perchlorate at an anode surface.

32A. Rule, J. Llopis andN . 0. Servert, Anales real. 8oo. espan. fie. Y

10



WUURUIMMAL DTAILS

Blectroltic Axweratus

Apparatus for the anodic oxidation of chlorate consisted of a 100

al beaker containing an unglazed porelain porous cup of 52 mm. diameter

and 100 mm. height which served as the anode compartment. In all els-

trolysis experiments circulation of the anolyte was maintained by using

an air stirrer with a glass propeller.

Gold and platinum anodes comprised 1 am. x 1 cm. shoots which were

fabricated from 0.002 inch thick sbeet metal. lach anode was provided with

a small tab to which a wire lead of the same material was connected by

folding the tab over the wire and pressing the tab securely against the

wire,

]or the lead(IV) oxide anode a 1 cn. x I cn. sheet of nickel was

electroplated with lead(IV) oxide. The electrode had a stem 2 m. wide

and 12 cm. long, plated in the same way, which served as a support. A smooth

adherent oxide plate was obtained by electroplating for 8 hours at 30 degrees

0. and at a current density of approximately 5 milliamperes per on! The

electrolyte was prepared, by dissolving lead(I) oxide in aqueous sodium

bhyroZide and sodium potassium tartrato."

The graphite anode was prepared by coating lational spectrographic

carbon rods, 3/16 inch diameter, with Uollon (United Ohrmim Inc. protective

coating material) with the exception of an area of 2 cm? The rod was Inserted

Into a tightly fitting Pyrex glass tube and comnted in place In such a

3 3 j. H. Mellquist, U. 8. Patent 1,595,675 (August i0, 1926).

I1



way as to expoee the uncoated surface to the electrolyte.

Platinum cathode*$ 1 onq x 3 on. were used in all experiments and

both the anodes and cathodes were supported by a glass bridge. In those

experiments using a current of 0.1 amperes the quantity of electricity was

determined with & copper ooulometero In experiments using a higher current,

the quantity of electricity was calculated from the product of the current

and the time of electrolysis. Ourrent was measurol with a Triplett model

120 ammotor. For the first six electrolysis experiments the current was

furnished by two 6 volt storato batteries connected in series. In subse-

quent experiments a 1 kw., 28.5 volt DO generator was used.

All electrolysis experiments wore done at 30 degrees C.. 0.5 degrees

C. The anolyte comprised 100 ale of solution and the catholyto, 150 al.

of 0.5 X sulfuric &cid solution. In experiments in which the anolyte was

initially basic, I M sodium hydroxide solution was used in place of the

sulfuric acid.

Percent yields were calculated from the ratio of the number of moles

of porchlorate actual13 produced to the number of moles of perchlorato

theoretically obtained if all the available oxygen produced at the anode

wont Into porchlomto formation.

Chemical Oxidation Ixporiments

1 . In the initial experiments, the effects of various oxidising agents

on sodium chlorate were doterainod by testing for the presence of perohlorato

qualitatively with mothyloen blue. Ixporlmonts wore done using 10 ml. of

aqueous 5 fl sodium oblorato and 3.5 1 sulfuric &od. Sufficient ozidising

12



agent was used theoretically to oxidize about one half of the chlorate to

perchlorate. The catalytic effect of various substances on the oxidation

of chlorate with peroxydisulfate was also determined. In each experiment

approximately one-half gram of pzxposed catalyst was added to the chlorate

solution, followed by addition of peroxydisulfate. Reactions were carried

out, with stirring, for 36 hours at a temperature of 40 degrees 0.

In later experiments quantitative determinations of perchlorate were

carried out. iPr each oxidising agent at least two experiments were done,

one with 10 al. of aqueous 3 M chloric acid and the other with 0.047 moles

of solid sodium chlorate added to 10 al. of 9 M sulfuric acid solution.

In one group of experiments the temperature was maintained at 30 degrees

0. while the oxidizing agent was added slowly and with stirring. Reaction

was allowed to continue for 41 hours. Other experiments were done at 65

degrees 0. in 3 1 chloric acid solution, the oxidizing agent being added

after the solution had reached 65 degrees 0. An attempt to heat the sodium

chlorate-sulfuric acid mixture to 65 degrees 0. resulted in violent do-

composition, thus experiments using this mifture at that temperature were

discontinued. In order to avoid undue evaporation of chloric acid, reaction

time at 65 degrees 0. was limited to 24 hours. In all experiments the

chlorate was in exoe of the oxidizing agent.

The yield of perchlorate was calculated from tha number of equiva-

lents of oxidizing agent used. Those oxidioL ng agents which produced al&.

nificant amounts of perchlorate axe listed in Table 1, together with their

purity, method of analysis, and reduction product, In soei ases a pre-

viously unopened bottle of a comiercially available reagent wa used and

the oxidation equivalent was calculated from the reported asuq,

Ohlorio acid was prepared by slowly adding the steichieoetrio quatily

of 9 IL sulfuric said solution to concentrated, aqueous barlum chlorate at
13



room temperature with vigorous stirring. Small portions of sulfuric acid

or barium chlorate were added until the chloric acid contained a slight ox-

cess of barium ion. The precipitated barium sulfate was then removed by

centrifugation followed by filtration through a fine sintered-glass filter.

The filtrate was evaporated under vacuum at 40 degrees 0. to give 3 X chloric

acid, which was stored in an ember colored reagent bottle. Other reagents,

which were prepared by methods reported in the literature, were:

platinum(IV) oxid.e l-hydrate3 4 , platinum(XV) oxid.e 4-hydrate3 5 , silver(Il)

oxide 36 , nickel(IU) oxIde 3 7 , bismuth(IV) oxide3, cobalt(IUI) oxi 939,

uranium peroxide 2-hydrate 0 , barium ferrate(VI)4 1 , silver(II) -dipyridyl

perchlorate4 2 . All other compound. were reagent grade chemicals and they

were used without further purification.

34 8Organic Synthesils, collective Vol. 1, A. N. Blatt, Ed., John Wiley and
Sons, New York, 1941, p. 463.

:3 L. 0. Morgan and W. H. Philipp, Dept. of Chemistry, Uhiversity of Texas,
Technical Report to the Office of Naval Research, Contract No. Nonr 375(04)
September, 1955. No. 5, p. 6.

3611norganio Sfnthesis", Vol. IV, J. 0. Bilar, Jr., Rd., MeGraw-Hill Book Co.,

Inc., Now York, 1953, p. 13.

37J.V. Meller, 0omprehensive Treatise on Inorganic and Theoretical Chem-

istry", Vol. 15, Longmans, Green and Co., New York, 1936, p. 398.

38R. R. Voreley and P. V. Robertson, J. Chem. So. (trans.) 1JJ7, 63 (1920).
39Reference 37, Vol. 14, 1935, p. 589.

40G. V. Watt, S. L. Achorn and J. L. Marley, J. Am. Chem. Soo., Z., 3341 (1950).

J1. Gump, V. 7. Wagner, J. K. Soh eyea, Anal, Ohm. &j, 1957 (1954).

42G. A. Rarbieri and A. Kalaguti, Attl. aead., nasl. Lincel, Re d. classo
Soi. fig., mat. o nat., 8q 619 (1950).
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Analytical RESAen and Methods I

Qimlitative determinations of perchlorate were carried out using

metbylene blue reagent 3 , which was prepared by mixing 0.1 al. of 1.6%

metbylene blue solution with 25 ml. of 50% sine sulfate solution.

Samples to be tested were first made basic with sodium hydroxide

in order to precipitate the cations; the insoluble materials were then re-

moved by centrifugation. In cases in which peroxydieulfate was used, the

solution was boiled for a few minutes to decompose the peroxydisulfate,

which interferes with the toot. Before adding the methylene blue reagent

the samples were neutralized by addition of dilute sulfuric acid.

The test for perchlorate was carried out by adding 0.5 al. of s&tu-

rated potassium nitrate solution and 15 l. of methylene blue reagent to

1 l. samples. The resulting solutions were stirred and allowed to stand

for 15 minutes before examinrtion. Perchlorate concentrations were estimatel

by comparison of the test solutions with standard samples prepared in a

similar fashion.

A volumetric method was used in the quantitative determinations of

perchlorate which involved determination of chlorate and total chlorate

and perchlorate, perchlorate concentration being found by difference. In

the presence of perchlorate, the preferential reduction of chlorate to

chloride was accomplished with Iron(II) sulf&te5 in a dilate sulfuric acid

43. D. Snell and 0. !. Snell, 0Oolorinotric Methods of Analyeis, Vol, 2,
D. Van Nostrand Co., Inc., New York, 19149, p. 720.

44ho Pennsylvania alt Mfg. Oo,, Technical Report to the Office of Naval
Research, Contract Nent 372(00), August 31, 1951, Part 11, p. 51.

ooavo of the red coloration produced with iron(II) sulfate and the
di~pridyl complex the reduotion of chlorte to chloride in these sampleswa carried out with sodium hkLdron sulfito ad a smll amunt of 2mon(II)

sulfate. -he addition at a little nitric acid to the reduced sample be-
fore titration completely eliminated the red colors

16.



solution. Ohlorate and perchlorate were reduced simultaneously to chloride

in a dilute sulfuric acid solution with titanium(III) sulfate and a small

mount of iron(IZ) sulfate, Prior to analysis, Interfering cations were

removed by precipitation with sodium bydrczldeo In each case chloride was

determined volumetrically by the Volhard method.

Available oxygen in the various oxides was determined by thermal

decomposition 4* Oxygen evolved from decomposition of the oxide was swept

out of the reaction chamber with carbon dioxide which was then absorbed In

concentrated potassium hydroxide solution. The oxygen volume was measured

in an inverted glass buret. The accuracy of the method was. fond to be

about 3% an determined using potassium chlorate as a standard.

S. Altmann and 1. R. Busch, Trans. laraday Soc., _, 720 (199).

IT-I- - - - - - - - - - - - - - - - -



Electrolysis zverniments

Experiments were done with smooth platinum and graphite anodes using

as electrolyte 0.5 M sodium chlorate solution, 1 M in sodium bydroxido or

0.5 M in sulfuric acid. In one met of experiments sodium fluoride was aAed

to the electrolyte in order to increase the anode potentia147. The presence

of this material in the anolyte had little influence on the yield of per-

chlorate.

In acid electrolytes the graphite anodes disintegrated rapidly, es-

pecially at the higher current densities. As the electrode disintegrated

the current dropped; however, in experiments at 0.1 ampere the current was

kept constant by regulation of the potential. In experiments carried out

at 0.5 amperes, the graphite anode disintegrated so rapidly that even though

the potential was increased to a maximum of 12 volts the final current dropped

to. 0.15 amperes. Perchlorate yields, together with the electrolysis condi-

tions, are given in table 2.

In order to reduce the number of different Ions present in the elec-

trolyte, subsequent experiments were done using 1 f chloric acid solution

as the anolyte. For each of the four anode materials tried, experiments

were carried out at currents of 0ol and 0.5 amperes, the nmber of Farmday*

used being approximately equal. Results of these experiments are shown

in Table 3.

As was the case in previous experiments, the graphite elootrode dis-

Integrated rapidly, especially at 0.5 amperes, and at the ame time the

H ickling and S. R. 3 oihards, J. Ohm. 0., 256 (19).
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4

TA3LU 2 I

Perchlorate yield as a function of anode material and anolyte

composition, Current: 0,1 ampere; temperature: 30 degrees 0.

Quantity Perohlorate Perchlorate
Anode Anolyte of current yield yield

(Farada s) (millimoles) (percent of
theoretical

Pt. (smooth) 0.5 1 a0103  0.0527 0 0
1.0 -NOR

0.5 1 Na0lO3
0.5 1 %o804 0.0527 15 55

0.5 A "O1o3 0.0369 (trace) (3
1.0 I Nao
0.5 1 NJa

0.5 R NaOlO. 0.0369
0.51 1080
0.5 1 NaP 10 54

Graphite 0.5 1 o&Na 3  o.o73 (trace) <3
1.0 1 NaON

0.5 1 NaOO
o.5 " N,0o 0.0473 0

Graphite 0.5 i 1a01o), (trace) <3
1.0 P New 0.03e

0.5 1 NaO1O3

0:51 2O01 0.030 (trace) <
0 ~3 -5 K.180 < 3

0urrent WSs Initially 0. amperes "ut dropped to a final value of 0.15
amperes
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TAMAL 3

Perchlorate yield as a function of anode material and current density.

Temperature: 30 degrees 0.; anolyte: 1 M- R0103 solution.

Ou-rent Cpantity of Perchlorate Perchlorate
Anode (amperes) electricity yield yield

(Paradays) (Millimoles) (percent of
theoretical

Pt(smooth) 0.1 0.0579 2 7

0.5 0.0559 is 64

M(sooth) 0.1 0.0579 0 0

0.5 0.0559 (trace) <3

FbO2  0.1 0.0579 0 0

0.5 0.0559 3 11

Graphite 0.5s 0.03 (trace) <3

*Thia figure represents the Initial nzreato The current dropped. to a

final value of 0.15 amperes while the anode disintegrate& ra pidly.
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potential had to be increased in order to maintain constant cwrrent. In

experiments done at 0.5 amperes the graphite electrode disintegrated so

rapidly that it was impossible to prevent the current from dropping to 0.15

amperes,

After electrolysis had proceeded for a short time a brown film formed

on the gold anode; however, the electrode remained intact throughout the

electrolysis. The 23ad(ZV) oxide coated electrode hold up quite well under

the conditions of electrolysis. There was a slight stripping off of the

oxide plate toward the end of electrolysis at the higher current, neverthe-

less, the oxide covering was heavy enough to keep the nickel base well

covered throughout the experiment. No visible film was seen on the plati-

nun electrode after electrolysis.

Ohemical Oxidation nerisents

The efficiency of some chemical oxdiising agents for perchlorate

formation was determined under a variety of conditions. qualitative experi-

ments showed that no perchiorate was produced by such strong oxitsing

agents as potassium peroxydisulfatevoilver(IZ) ozids, and hydrogen peroxide

in an alkaline, concentrated, aqueous sodium chlorate solution. hs,

the oxidation studies were limited to aoid media.

Ohlorates are decomposed by strong aoids with the foeation of per-

chlorates. In order to disting sh between the peroblorate formed due to

the action of the acid alone from that produced by the ozidising agent,

eperiamnmts were done in which perchlorate yields were ietenined for acli

d ecmposition alone under conditions identical with these used in the sub-

sequent chemical oidation experimente. In all chemical odaMton exper.

seats 10 al. of solution was ued, and where the aldition of sodium chlerte

is indicated, the dry salt wae added to 10 al. of the acld solution, 2e



amount of perchlorate produced from the decomposition of chlorates with

the appropriate acids, together with the experimental conditions are shown

in Table 4.

Preliminary experiments were carried out in which perchlorate was

determined qualitatively with methylene blue reagent. Essentially no per-

chlor&te was produced over a period of 24 hours by the action on aqueous

4.5 i sodium chlorate, 1.5 A in sulfuric acid, of potassium peroxydisul-

fate alone or in conjunction with pl&tinum(IV) oxide 4-hydrate, pl&tnum(IV)

oxide hydrate, platinum(powder), copper(II) sulfate, corium(IV) oxide, and

iron(III) oxide at 40 degrees 0. In the absence of perozydiulfate no per.

chlorato was produced when chlorato solution was treated with platinus(IY)

oxide 4. bydrate, platinum(IV) oxide hydrate, potassium periodato, an&

sodium bienuthate, Perchlorate was produced with peroxydisulfate catalyzed

by silver ions.

Ir many cases the effectiveness of oxidizing agents for the forma-

tion of perchlorate was determined quantitatively. Oxidising agents were

tested under three different sets of conditions: (a) with 10 mle of 3 I

ohloric &aid solution at 30 degrees 0., (b) with 10 l, of 3 1 chloric

acid solution at 65 degrees 0., and (o) with a mixture of 47 millimoles of

sodium chlora'o and 10 al. of 9 X sulfurio acid solution. Solutions were

first brought to the i:dlcated temperature and then the oxidizing agent

was added slowly and with stirring. In experiments In which chlorate was

used with 9 1 suLf rio acid, the mixture was stirred for about an hour be-

fore addition of the oxidizing agent in order to dissolve an nuh of the

sodium ohlorato s possible. The porohlorato yields, together with o.

ditions under which the exporimets were carried out, are gives in Table 5.

Of the oxidising agents studied, lead(IV) oxide and potassium

92
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Yield of perchlorate from the decomposition of chlorates with

acide.

Nl0103 Temperature Reaction Perchlorate
klad added degrees 0.) time oield

(millimoles) (hre.) (uilliuolos)

3 M0103  0 30 48 0

65 24 (trace)I <0.3

147 30 48 0

9 11004 147 30 148 1.8

15.6 103 47 30 48 2.3

23



!A3LU 5

The efficienyo of sow ozidising agents on oxidation of chlorate

solutions to perchlorate. (A) 10 .l. 3 H0300 toperature: 30 degrees

C.; reaction time: 1 8 hours. (3) 10 al, 3 1 B0103; temperature: 65 degrees

C.; reaction time: 21Lhours. (0) 10 ml. 9 M H28014 to which 147 millimoles

1a0103 were added; temperature: 30 degrees 0.; reaction time: 1i8.hours.

Ozidi sing Conditions rotal Perchlorate Perchlorate
agent ozidi sing yield iod

agent (millizoles) rperent of
t,hc)teoretical)

Ago A 12,1 o.6 10
B 12.3 (trac)

1 2..39 16

(0.15 _ Ag 0) A 6.09 14.14 72
3 6.07.. 31
0 12.1 1:9 12

A124.9500
3i04 3 4.96 0 0

C9.35 2.5 27

NaDIO 3  A 4.96 (trace) <3
3 4.97 0 0
o9.93 -3 6

00(8014)? A 5.A1 0 0
35.114 0 0

0 15.5 3.0 39

A 9.08 0 0
c003 39.07 0 0
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!ABL, 5
(continued)

Ozuidiing Conditions Tota. Peroh)orate Perchlorate
agent oxidLing yield yield

agent (nillimoles) (percent of
theoretical)

o0o3  0 001 0 0
3 I.76 (trace)

'90r.0 7  C 4.62 1.8 130

BrA 3.62 0.5 9
B 3.61 (trace) 3
o 6.95 (trace) 3

11203 A 5.22 o.4 8
3 5.21 0.2 4
o 1o.3 5.1 49

Pb02 A 6.46 0 0
B 6.43 0 0
C 12.7 9.0 71

2 3.39 0 0
a 3.39 0
o 6.so 1.8 26*

U014.2 B20 A 6.o6 0 0
3 6.o9 0 0
o 12.1 (trace) 3

VA 5  A 6.06 0 0
3 6.12 0 0

0 12.1 (true) 3

Ag(V8N2 )2 (ol04)2& 2.43 0 0
3 1.78 0.19 21

*Yield of pera'ohlorate equal to, or lees than, that produced by the wid In the
absence of the ozidizing agent.

"Uilver(NI) , dr.i)ridyl perchiorate.
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TABLI 7

Yield of perchlorate on oxidation of chlorate solutions with lead(IV)

oxziO0 reaction time: 18-houri for reactions at 30 degrees Co an 24-hours

for th. reaction carried out at 65 degrees 0.

PbO Solution Temperature Perchlorate Perchlorate
(uillinoles) composition yield yield

(millimoles) (percent of
theoretical)

6.71 3 1 HO0 3  30 0 0

4.7 1 U1o3

6.70 3 M o0103

4-.7 1 o0 3  65 0 0

6.3o 1.5 1 E2o

3 M UOl0 3  30 0 0

12.6 15.6 1 M0o3

4.7 A VaCl0 3  30 10 79

In order to determine the effect of acid concentration and tompera.

turo on perchlorato formation In which an unstable oxide is used s ozidising

agent, experiments were done in which perochlorate yields were determined

after oxidation of chlorate solutions with silver(II) oxide. Three experi.

ments we"e carried out in which the acid concentration was varied while

the chlorate concentration was kept constant, A fourth experiment was done
27



under the same conditions as indicated in Table 5 under (C) with the exoep..

tion that the temperature was maintained at 0 degrees 0. instead of at 30

degrees 0. The results of these experiments are shown in Table 8

TADLU 8

Yields of perchlorate upon oxidation of chlorste solutions with

silver(II) oxide, as & function of acid concentration and temperature;

reaction time: 48-hours.

AgO Solution Temperature Perchiorate Perohlorate
(millimoles) composition yield yield

(millinoles) (percent of
theoretical)

12.1 3 NaO1O3  30 0 0

12.1 2 Naolo 3

1 EM 0103 30 (trace) ( 3

12.1 1.5 1 Naolo 3

l.5 Nolo3 30 0.4 7

22.8 0 0 2.3 20

Experiments were done with silver(HI) oK' dipyridyl chlorate upon

the assumption that this compound m undergo self-ozidation with the for-

mation of perchlorMte. An aqueous solution of silver(II)'d(KOipyridyl

Ohlorate was prepared by replacing the nitric aoid used in the preparation

of the silver(UI) nitrate oomplez with the equivalent amount of ohloio
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acid. The silver(II) (aC'.dipyridyl chlorate formed a deep red solution

similar in color to that of the nitrate. The solution appeared to be sta-

ble at room temperature; however, when the solution was heated to 100 de-

gres 0., the red color faded. Upon addition of sodium hydroxide to the

solution, silver(I) oxide precipitated. Analysis of the clear supern&tent

liquid for perchlorate showed that only a trace of perchlorate was

produced,

7-- 9--



CONCLUSION

The oxidation of chlorate Ions to perchlorate ions according to the

equation

Clo + 1/2 02 =C0

involves a negative free energy change of 8.75 kilocalorle. per mole.6

From a themodynamic point of view the oxidation should take place readily

with a number of oxidizing agents. In actual practice it takes place

only with a few strong oxidizing agents in acid media. In basic solutions,

such strong oxidizing agents as peroxydisulfate, hypochlorite, silver(II)

oxide and even electrolytic oxidation produce essentially no perchlorate.

In dilute acid solutions of chlorates (e.g. 3 1 0103) the only

reagent which produced high perchlorate yields was peroxydisulfate in the

presence of silver ions. In more concentrated acid solutions of chlorate

(e.g. Na0103 In 9 3 B2804I) effective oxidizing agents were lead(IV) ozide,

sodium bismuthate(Y), and nickel(III) oxide, while some perchlorate was

formed in cerium(IV) sulfate solutions.

Certain similarities may be soon between conditions favorable to

electrolytic and to chemical oxidation of aqueous chlorates. In the aleo-

trolysis of chlorato solutions the highest yields of peroblorate are b.

tained in acid electrolytes and at low teperatures. In chemical oxd.

tion experiments it was shown that the same factors which favor high per-

chlorate yields In the electrolytic process also resulted in high perohlorate

48yroe energy values were obtained from *Handbook of Chemistry and P ysiosN,
Thirty-first Sdition, Chemical ubber Publishing Oo., Cleveland, Ohio,
0. D. Hodgman, d-., p. 1538.
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yields in chemical oxidation experiments. The effect of low tempera.

ture in favoring perchlorat. formation was clearly demonstrated by the oxi-

dation of 3 1 chloric acid solution with peroxydisulfate in the presence

of silver ions. At 30 degrees 0. the yield was 72 percent while at 65

degrees C. under otherwise identical conditions, the yield was only 31 per-

cent,

It is supposed that the mechanism for the electrolytic formation

of perchlorates involves an unusually high valence oxide which forms on

the anode surface. In the highly acid conditions existing at the anode

surface the oxide Is unstable and reacts similerly to higher oxides in

chemical oxidation experiments. It is expected that anode materials with

which an oxide of that type cannot be formed (e.g, gold and graphite) no

perchlorate is formed. High current densities required for oxidation of

chlorate solutions at lead(IV) oxide electrodes probably reflected the

necessity for higher acid concentrations in those cases, which was pro-

vided by the greated concentration polarization and enhanced bydroxyl ion

discharge. In the case of the platinum anode an oxide is formed on the

surface which is les stable than that of lead and thus requires a lower

acid concentration, just as in chemical oxidation experiments silver(II)

oxide required a lower acid concentration to oxidize chlorate to perchlo-

rate than did lead(IV) oxide.

Oxygen evolution at the platinum electrode has been attributed to

the formation and decomposition of platinum(IV) oxide under anodic polari-

zation conditions existing at that electrode In chlorate solutions,

increase of current density and electrode potential beyond that required

49., S. 21 Wakkod end S. R. hera, J. Ohem. So. 461 (1952).
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for oxygen evolution leads to increased oxidation of chlorate and relatively

lower yields of gaseous oxygen. The observations may be explained most

easily by proposing that an unstable platinua(VI) oxide is formsed under

those conditions which does not decompose to form oxygen in the presence

of chlorate ions, but rather forms an intermediate with chlorate ions,

which nay re-dissociate, or alternatively break down into platinum(IV)

oxide and perchlorate ions.

In acid solutions it is expected that platinum(VI) oxide does not

form at high temperatures, and in basic solutions the relatively stable

perplatinate(VI) is most likely to be formed instead of the oxide. 0 Those

expectations are compatible with the experimental facts regarding chlorato

oxidation at the platinum anode.

The postulate of a higher oxide intermediate circunvents certain

difficulties inherent in earlier theories: (1) no peroxides are involved,

and (2) active oxygen is not presumed to be the active oxidizing agent,

qualitative tests showed that no peroxides were formed at any time during

electrolysis of simple chlorate solutions, nor did any of the peroxides

used as oxidants lead to the formation of perchlorate, so that mechanisms

based on peroxide species are implausible. Oond.itions which shoull lead

to production of large amounts of active oxygen' (e.g,, aodic oxidation

at a gold electrode) are not necessarily favorable to perchlorate formation.

Furthermore, neither the active oxygen theory not the peroxide theory ex-

plains satisfactorily the behavior of the system with respect to temperature.

5 L. Wohler and . Martin, Der. 4, 3326 (1909).
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Ooriua(IV) sulfate appears to be an anomaly. It should be remembered,

however, that species in concentrated cerium(IV) sulfate solutions are

quite complex and not well known, so that formation of perchlorate in such

solutions cannot be used as evidence either for or against the mechanism

proposed,

33
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